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CHAPTER 1: LITERATURE SURVEY 
1.0 Introduction 
Iron nitride thin films have shown some promise of being excellent 
materials for some magnetic applications. The introduction of nitrogen into iron 
thin films can greatly affect the film stress, microstructure, and magnetic 
properties. The coercive field can be decreased with the addition of nitrogen into 
FeSiAIN films produced by rt-sputtering. Deposition of these films at 1 % partial 
pressure nitrogen caused the coercivity, He, to double. 1 Larger amounts of nitrogen 
incorporated into the thin film, however, decreases the coercivity drastically. This 
is due to the reduction of film stress with the addition of nitrogen and decrease of 
grain size. The coercivity displays a minimum at an optimum nitrogen 
composition. A useful soft magnetic iron nitride material would have a low 
coercivity, small grain size and low film stress.2 
One metastable phase in the Fe:N system, a"-Fe16N2, has been reported to 
have a magnetic moment in excess of that of pure Fe.3 The existence and 
magnitude of this enhanced moment, however, has been hotly debated in the 
literature for many years. Films produced by several different deposition methods 
including sputtering and MBE have often consisted of mixed phases and have 
been very difficult to produce.4 Pure bulk a"-Fe16N2 samples have never been 
produced. 
To address this issue, reactive Pulsed Laser Deposition (PLO) was chosen 
as the technique for producing Fe:N films in this study. PLO is well known to be 
\ 
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capable of producing highly non-equilibrium phases. This is due to two inherent 
features of PLO. First, PLO exhibits an extremely high instantaneous deposition 
rate which can limit atomic rearrangement on the surface during growth. 
?econdly, PLO is also capable of creating very high levels of excitation and 
ionization of the depositing species. One or both of these can lead to the formation 
of metastable phases. Thus it was considered to be a good candidate technique 
for the deposition of metastable Fe-N films, and hopefully, single phase a"-Fe16N2 
thin films. 
This work was undertaken to attempt to address the existing a"-Fe16N2 
controversy and at least partly specifically answer two questions: 
1. Can Fe-N phases, and in particular a"-Fe16N2, be produced by Pulsed 
Laser Deposition? 
2. Does this technique produce any Fe:N phases with a giant magnetic 
moment? 
1.1 The Fe:N System 
Figure 1 shows a portion of the iron-nitrogen binary phase diagram. There 
are eight stable binary phases in the Fe-N system with very different magnetic 
properties. 13 Three thermodynamically stable solid solutions of N in Fe are 
identified. At low temperatures, nitrogen exhibits only limited solubility (< 0.4 at %) 
in a-Fe (BCC). Studies employing non-equilibrium deposition techniques, such as 
reactive sputtering and ion implantation, have reported metastable cubic thin films 
of Fe:N with nitrogen concentrations as high as 10 at% N.7 This phase has been 
denoted as a*-Fe. The y-Fe:N (FCC) and E-Fe:N (actually HCP Fe3N with N 
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solubility between 15 and 33 at%) solid solution phases are stable at higher 
temperatures and over a broad range of nitrogen concentration. In all three of 
these phases, nitrogen acts as an interstitial impurity that tends to dilate the host 
lattice.7 The iron-nitrogen compounds that are thermodynamically stable include 
Fe4N, Fe2N and at much higher concentrations of nitrogen, FeN6 and FeN9. 
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Figure 1: Equilibrium phase diagram of Fe-N system.5 
The a"-Fe16N2 phase, identified as a possible source of giant magnetic 
moments in the Fe:N-system (discussed later), is not identified as a 
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thermodynamically stable phase as indicated by its absence from the Fe-N binary 
phase diagram. Equilibrium phases present under equilibrium conditions at 11.1 
at% nitrogen in the Fe-N system are a mixture of a-Fe and Fe4N below 592°C. M 
higher temperatures there is a transition of the a-Fe phase toy-Fe in equilibrium 
with Fe4N. Coey et al. suggest that a metasable, martensitic (tetragonally strained) 
form of a-Fe, having a broad range of N solubility, exists in this region of the Fe-N 
system. The phase is denoted as a'-Fe:N. Actually, two martensitic forms are 
thought to exist; the disordered phase a'-Fe:N solid solution and the ordered, 
stoichiometric compound a"-Fe16N2 . 8 
Of these two metastable phases, the ordered a"-Fe16N2, has been reported 
to exhibit extremely large magnetic moments although there is much controversy 
over those results.4 Typically, Fe films deposited with high nitrogen content consist 
of the tetragonal a'-Fe:N martensitic phase. The nitrogen incorporated in this 
phase is disordered and is usually associated with a lattice dilation that results in 
lattice constants a= 5.72 A and c = 6.29 A. Annealing of these films can lead to an 
ordering of the nitrogen into the a"-Fe16N2 phase.7 
The a"-Fe16N2 structure, as well as the structures of the a-Fe and y' -Fe4N 
phases, are shown in figure 2.4 The structure contains three inequivalent Fe 
sites. They are at Fe(4d) with no nitrogen neighbor, Fe(4e) with one nitrogen 
neighbor, and Fe(Bh) with two nitrogen neighbors. These sites are shown in 
figure 2. 
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Figure 2: Crystal structures of a-Fe, y'-Fe4N and a"-Fe16N2 .7 
1.2 Process Techniques and Results 
Kim and Takahashi produced Fe:N films by resistive heating of an iron 
evaporation source in an N2 atmosphere. 6 These films were two phased , a-Fe 
and a"-Fe16N2, and had a saturation magnetic induction (85) of 2.64 Tesla (T). 
From this value, they concluded that the induction of the a"-Fe16N2 phase was 2.76 
T and the average magnetic moment for Fe <µFe>=3.0µ8 . For comparison, in pure 
Fe at 20°C, <µFe>=2.219 µ8 with an induction 8 5 =2.158 T. 
The lattice expansion observed by Takahashi and Shoji showed how the 
XRD pattern of Fe:N films deposited by evaporation in an N2 atmosphere change 
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as a function of nitrogen flow ratio.6 The diffraction line corresponding to a' (0 0 2) 
plane shifted to lower 28 angles with increasing nitrogen flow rate. This suggested 
higher nitrogen incorporation. Diffraction peaks from the a"-Fe16N2 phase show up 
after annealing. The a' (0 0 2) split into two diffraction lines a' (0 0 2) and a" (0 0 
4). The superlattice diffraction of a" (0 0 2) was observed at 33° 28. 
Komuro obtained greater 85 and <µFe> values in a 1990 study. Fe:N films 
were deposited by molecular beam epitaxy (MBE). The induction of the a"-Fe16N2 
phase was reported to be Bs= 2.90 T and a <µFe> that approached 3.5µ8 at low 
temperatures.6 
Reproduction of these results proved to be difficult due to problems with 
obtaining samples and with accuracy of the magnetic measurements. One 
difficulty of making accurate magnetic measurements is that there is no technique 
capable of producing bulk, single phase a"-Fe16N2 samples.4 Measurement of 
magnetic properties is complicated by difficulties in a"-Fe16N2 phase and volume 
fraction identification. 
1.3 Reactive PLO 
Many studies have utilized reactive PLO to produce nitrides, oxides and 
carbides. PLO is well known as a technique capable of producing highly non-
equilibrium films due to its extremely high instantaneous deposition rate. The 
reactive deposition of nitrides requires nitrogen from the background gas to react 
with the ablated target material in order to form the desired compound. It has been 
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shown in many examples in the literature that under PLO conditions similar to 
those employed for this work that the nitrogen-nitrogen bond is broken and the 
atoms are free to react with the target material. The reactive deposition of oxides 
and carbides utilize background gases that are more easily dissociated. 
Titanium nitride (TiN) thin films have been produced by laser ablation in a 
background atmosphere of nitrogen. TiN is an attractive material for use in 
diffusion barriers in microelectronic devices and hard tool coatings. TiN thin films 
are also commonly produced by CVD (Chemical Vapor Deposition), PVD (Physical 
Vapor Deposition), ion implantation, and sputtering techniques. All of these 
methods require elevated substrate temperature, 500°C, in order to grow high 
quality films. A study done by Gu et al. suggests that thin film TiN can be produced 
at room temperature from a pure Ti target material and a N2 background gas.9 The 
resulting films were mixtures of metallic Ti and TiN. Of interest also is the 
correlation observed among the background gas pressure (P), target-substrate 
separation (D) and the Ti - TiN ratio. X-ray diffraction patterns obtained for films 
deposited at a nitrogen pressure of 0.2 mTorr showed a maximum intensity of the 
(200) TiN peak at a target-substrate separation of 10 mm. The Ti peak 
disappeared as well at a separation of 10mm, suggesting a pure TiN film. A slight 
decrease in background pressure from 0.2 mTorr to 0.1 mTorr required an 
increase in target-substrate separation distance from 1 Omm to 30mm respectively 
to maintain the TiN-Ti ratio. The optimum deposition parameters depend on a 
product parameter of P and D. 
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The production of TiN at the substrate surface, in the plasma plume, and at 
the target surface was also considered. Only traces of TiN were detected in the 
plasma plume as well as on the target surface. It was concluded that TiN was 
forming at the substrate surface, although further investigation was needed. 9 
Another study of the deposition of titanium nitride films was done by 
Craciun. A KrF laser excimer laser was used to ablate a Ti target in a nitrogen 
background pressure that ranged between 1 and 20 mTorr. This study confirmed 
the growth of TiN films and also mentioned some success in producing WN, TaN, 
and HfN films. 10•11 The ablation of a graphite target has been shown to produce 
carbon nitride films in both nitrogen and ammonia background gases. 12•13 
The reactive depositions of many other materials have been investigated. 
Other than nitrides, oxides and carbides have also been successfully produced. 
The energy required to dissociate a N2 background gas is of course much greater 
than that required by a 0 2 background gas. The binding energy of N2 is 948 kJ/mol 
whereas that of 0 2 is 497 kJ/mol. The possibility of formation of oxides has to be 
eliminated in the growth of nitride films. Oxides can readily be formed in a reactive 
environment. 
Reactive pulsed laser deposition of zinc oxide was investigated by Verardi. 
Zinc oxide has been investigated for its piezoelectric properties useful in acoustic 
wave generation, detection devices, sensors and actuators. A KrF laser was used 
to ablate a Zn target in an 0 2 background. The incident laser energy density was 
set in the range 2 to 5 J/cm2 . The oxygen background pressure was in the range 1 
to 1 O mTorr. Composition and structure of ZnO were measured with XPS and x-ray 
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diffraction. A high quality piezoelectric transducer was built from the ZnO film 
deposited by reactive PLD. 14'15 
Carbides have also been produced by reactive deposition. Three separate 
studies have yielded TiCx16, WCx17, and SiC18 films. Each of these studies used 
CH4 as the background gas to supply the carbon precursors. 
1.4 Reactive PLO of Fe:N 
Few studies of pulsed laser deposition of iron nitride films have been done 
previous to this work. One group, Yoshitaki and Ohkoshi, has produced Fe:N films 
by reactive PLD. 19 Their study showed that 200-500 nm thick iron films containing 
nitrogen could be deposited by reactive KrF pulsed excimer laser deposition. This 
work focused on the effect of substrate temperature on the crystal structure and 
magnetic properties of the Fe-N films. The laser energy was set to 250 mJ, which 
corresponded to 3.2 J/cm2. Substrate temperature was varied between 20-250°C. 
Background pressure of N2 was also varied between 1 o-8 and 10-1 Torr. N. room 
temperature and low nitrogen pressures, a-Fe was present in the deposited films. 
At higher background pressures, E-Fe phase (Fe3N) made up the majority of the 
film, with the remainder being a-Fe. At 100°C and low background pressure a-Fe 
dominated. As the N2 pressure was raised to 50mTorr, both the E-Fe and a FCC 
y'-Fe4N phase appeared. At even higher temperatures (250°C), the dominant 
phase present at all background pressures was a body centered tetragonal a' 
phase which is a lattice transformation from the BCC a phase. 
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Magnetic measurements showed that at high background pressure (10-1 
Torr), the coercivity of all films increased by approximately a factor of 10. The ratio 
of remnant magnetization to saturation magnetization dropped drastically at the 
same high background pressure. 19 
The deposition rate stated in this study was 0.25 nm/s or 9000 A/hour at a 
laser fluence of 3.2 J/cm2, a much higher rate than that reported in the present 
work. In addition no attempt to measure the amount of nitrogen in the film was 
made. The magnetic properties were rather shown to vary with nitrogen 
background pressure. 
The production of Fe:N films by reactive ion beam sputtering was 
investigated in a study by Ding and Zhang. Reactive ion sputtering of an iron target 
was done in an ammonia background atmosphere. They attributed an increase in 
saturation magnetization to the presence of nitrogen in the lattice, but not directly to 
the existence of a Fe:N phase.20 
Fe:N films deposited by ion beam sputtering were the focus of another 
study by Terada. The background N2 pressure ranged from 0.1-1 mTorr. X-ray 
scans from that study show the existence of a-Fe and y'-Fe4N phases.21 
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CHAPTER 2: METHODS AND MATERIALS 
2.1 Overview of Pulsed Laser Deposition 
Pulsed laser deposition (PLO) is one of the simplest and most versatile thin 
film growth techniques. PLO uses laser radiation as an external energy source to 
vaporize materials and deposit thin films in vacuum or predetermined background 
atmosphere. Pulsed laser deposition has many advantages over other thin film 
deposition techniques. These include a simple and flexible reaction chamber 
design and flexible experimental setup. PLO is a non-equilibrium process that 
allows for the reproduction of stoichiometry from the target to the film. Deposition 
can be carried out over a large range of temperatures, including the production of 
quality films at room temperature. 
Various laser types are employed in PLO systems including excimer, Nd-
YAG, and TEAC02. Excimer lasers are commonly used for PLO systems. Excimer 
lasers emit radiation directly in the UV range. Table 1 lists common excimer laser 
types and the wavelength that each emits. 
Table 1: Excimer laser types and wavelengths 22 
Excimer Wavelength (nm) 
F2 157 
ArF 193 
KrCI 222 
KrF 248 
XeCI 308 
XeF 351 
12 
The energy output from an excimer laser evolves from a molecular gain 
medium where the lasing action occurs between a bound upper electronic state 
and a repulsive or weakly bound ground state. For a KrF laser, the excimer 
molecules are formed in a gaseous mixture of Kr and F. Energy is put into the gas 
mixture via an electric discharge excitation. This creates ionic and electronically 
excited species that can react, forming excimer molecules. Typical reactions are 
given below. Once an excimer molecule forms, it decays rapidly and emits a 
photon. 
Reaction 1 
Reaction 2 
Reaction 3 
Reaction 4 
Reaction 5 
+ * + Kr+ e· -?_Kr or Kr or Kr2 
F2 + e· --7 F + F 
+ * Kr + F + He/Ne --7 KrF + He/Ne 
Kr2 + + F- --7 KrF* +Kr 
Kr* + F2 --7 KrF* + F 
PLO systems consist of an external laser source and a deposition chamber. A 
representation of a pulsed laser deposition system is shown in Figure 3. 
Laser 
Beam 
Laser Port 
/ .. ,' 
Substrate Port / 
. . 
Target Port 
/_./\ 
. .- e 
____ _\ 
Substrate Plane 
Figure 3: Pulsed Laser Deposition system design. 22 
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In PLO, highly energetic ions and atoms are ejected from a target as a 
result of laser-target interactions. In the figure 3, the laser pulse is directed 
through an aperture, passes through a focusing lens and a laser window into the 
vacuum chamber where it impacts the target. The energy density of the pulse is 
dependent on the energy of the laser and the focal length. The target holder can 
be rotated to allow for uniform depositions and good deposition rates. 22 Once the 
pulse hits the target, energetic ions and atoms are ejected in a direction normal to 
the surface of the target for deposition on the substrate. Singh and Kumar have 
classified the PLO process into four separate regimes. 23 
1. Interaction of the laser beam with the target resulting in ablation of 
surface layers. 
2. Interaction of the ablated material with the incident laser beam resulting 
in isothermal plasma formation and expansion 
3. Anisotropic adiabatic expansion of the plasma in the direction of the 
substrate 
4. Interaction of the plasma with the background gas 
Process parameters that affect film characteristics include substrate 
temperature, background gas pressure, pulse energy density, pulse repetition 
rate, target-substrate distance, and focal length. With the exception of substrate 
temperature and background gas pressure, which can be varied for experimental 
purposes, the rest of the parameters are usually fixed for a given material. Energy 
density can be adjusted by either changing the pulse energy or the focal length. In 
most systems, the pulse repetition rate can be varied over a wide range. The 
repetition rate can effect both the kinetic energy of the ejected species and the ratio 
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of neutral to ionic species in the plasma. In the case of the latter, a high ratio of 
neutral to ionic species can cause the formation of metastable structures in the 
film.22 Finally, the target to substrate distance is often fixed in a deposition system. 
For systems with adjustable distances, a shorter distance may allow for faster 
deposition rates. 
The presence of a background gas changes growth parameters such as 
the spatial distribution, deposition rate, and kinetic energy distribution of the 
depositing species. Chrisey and Hubler identify four direct results that raising the 
background gas pressure has on the plasma plume. 
1. An increase in fluorescence from all species due to collisions on 
the expansion front and subsequent interplume collisions 
2. A sharpening of the plume boundary, indicative of a shock front 
3. A slowing of the plume relative to the propagation in vacuum 
4. Spatial confinement of the plume 22 
The energy density of the laser pulse can be set to a very high value 
resulting in high instantaneous deposition rates depending upon target material. 
A high deposition rate would presumably allow for phases that are not normally 
stable at deposition pressures and temperatures to form by limiting surface 
mobility and surface diffusion time. 
2.2 PLO system 
The laser used for this work was a Lambda Physik COMPex 201 KrF 
excimer laser. The laser wavelength is 248 nm and the maximum pulse energy is 
600 mJ. The pulse repetition rate is variable between 1 and 10Hz. Each pulse 
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has a duration of 25-50 ns. The laser is focused at the target surface by a fused 
silica lens located at a focal length of 100 cm. 
The target material is attached to a rotatable target holder. The target is 
rotated during deposition to distribute the ablation region along a circular path on 
the target surface and prevent the laser from penetrating through the target. The 
normal to the target makes a 45° angle with the incoming laser. 
The target-substrate separation distance is approximately 7 cm. The 
substrate is parallel to the target. The substrate is held onto the heater assembly 
by a notched substrate holder. The opening of the substrate holder where the 
deposition takes place is 19 mm square. The notch in the substrate holder 
accommodates a substrate that is 25 mm square. The temperature at the heater 
assembly is controlled by a Eurotherm 2408 temperature controller. The substrate 
is in mechanical contact with the heater assembly. 
Base chamber pressure was measured by a Balzers cold cathode gauge. 
Process pressure was measured with an MKS Baratron pressure sensor. 
Background gas flow was controlled by a MKS mass flow controller and MKS type 
247 4 Channel Readout. A mechanical pump and Pfeiffer turbo-molecular pump 
were used to evacuate the deposition chamber. The chamber process pressure 
was controlled by adjusting the gas flow and by closing or opening a gate valve. 
2.3 Laser Ablation of Metals 
Pulsed laser deposition of metals is drastically different from deposition 
processes observed in nonmetallic ionic compounds. Metallic bonded electrons 
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efficiently absorb the laser energy. The electron to phonon energy transfer is 
extremely fast, on the order of picoseconds. If the lattice absorbs a sufficient 
amount of energy, evaporation of the material will occur. This has been termed 
thermal laser sputtering. The energy threshold required for evaporation depends 
upon both the metallic bond strength and the thermal conduction of the metal. 
Table (2) indicates thermal threshold values for reported materials. 
Table 2: Thermal threshold values.22 
Binding Energy Metal Thermal Threshold (J/cm.:) 
Low Pb 0.1 
Intermediate Cu 2 
High w 10 
Vaporization of metal from the target surface can result in the expulsion of 
droplets in some metals. The extent to which a target will expel droplets is mostly 
dependent upon the surface roughness of the target itself and the binding energy 
of the metal. The laser-target interaction tends to produce cone-like structures on 
the surface of the target at a fixed angle to the normal. The number of droplets 
produced will increase with time and successive depositions. As stated, the 
number of droplets produced also depends on the material's binding energy. 
Thus aluminum with a low binding energy would have a high production rate of 
droplets where as platinum with a high binding energy would produce fewer.22 The 
existence of these droplets on the surface and within the deposited film may be of 
concern when measuring film properties. 
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2.4 Reactive Pulsed Laser Deposition 
The effect of background chamber pressure on the deposition process and 
resulting films has been discussed. Pulsed laser deposition carried out in the 
presence of a controlled background gas is generally referred to as a reactive 
pulsed laser deposition process. A background gas is introduced into the 
chamber to supply the atomic and molecular precursors required to produce a 
desired film composition . Ionization of the background gas occurs due to the 
interaction of the ablated material plume with the background gas and also the 
further interaction of the plume, background gas, and subsequent laser pulses. 
Figure 4 was derived from a similar figure illustrating the ablation of a YBCO target 
in an oxidizing atmosphere.22 The figure illustrates the dissociation of N2 and the 
reaction of nitrogen with metal atoms both in the gas phase and surface reaction. 
---d ·I 
Laser BcJun 
hv 
N 
1 
M Metal Ablation ,M 
N 2-N 
Figure 4: Illustration of gas-phase and surface reaction resulting from the 
ablation of a metal target in a nitrogen atmosphere. 22 
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Reactive pulsed laser deposition allows for the use of high purity materials 
while little preparation or preliminary processing is required. Desired film 
stoichiometry can be achieved by optimizing the deposition parameters which 
include background pressure, gas composition, target-substrate separation, 
pulse energy, and temperature. 
2.5 Reactive Pulsed Laser Deposition Procedure 
Thin films of Fe:N were deposited at a variety of temperatures and nitrogen 
backgrounds. The substrate temperature was variable from room temperature to 
400°C. The deposition system allowed for the variation N2 background pressure in 
the range of 0.1 mTorr to 100 mTorr. The energy density per laser pulse was on 
the order of 3.5 J/cm2 . Platinum and thermal oxide coated silicon were used as a 
substrate material in an attempt to obtain well-defined x-ray patterns of the 
deposited films. 
The target and substrate materials were placed in the deposition chamber. 
The chamber was evacuated to a low pressure (6-8 x 10-7 Torr). This evacuation 
generally took 24-48 hours to reach an acceptable pressure. The temperature 
controller was set if an elevated temperature is required. The chamber pressure 
increased as the substrate was heated. The base pressure was again allowed to 
return to an acceptable level at the elevated temperature. The target rotation was 
then turned on and the flow of background gas was started. Adjustment of the 
gate valve set the desired pressure. The laser energy and repetition rate were set 
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for the laser. The laser was activated and the shutter over the substrate was 
removed. 
The base pressure in the deposition chamber is very important in the 
reactive pulsed laser deposition of nitrides. Low pressure must be achieved to 
adequately remove contaminates such as oxygen and water that would more 
easily dissociate and react with the target material than the nitrogen would. The 
mechanical pump and turbo-molecular pump combination on the system used for 
this work were capable of reaching a chamber pressure lower limit of 
approximately 6 x 10-7 Torr. 
As stated earlier, the target to substrate distance may have a dramatic effect 
on the deposition rates and the film properties. The target to substrate separation 
distance is for the most part a fixed value in our current system setup at 7 cm. This 
distance could be adjusted by fabricating extension posts for the substrate heater 
assembly. The distance could be reduced to approximately 3.5 cm without 
interfering with the incoming laser. 
2.6 Materials 
The iron target material was obtained from Pure Tech Corporation and was 
certified to be 99.99% pure. The following table is a short list of the most 
prominent impurities in the target material at the time of purchase. The nitrogen 
used for the background gas was obtained from Matheson Gas Products and was 
UPC grade rated at 99.9999% pure. 
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Table 3: Impurities in iron PLO target. 
Impurity Amount (ppm) 
oxygen 350 
carbon 51 
cobalt 24 
phosphorous 20 
The material used for the substrate may play an interesting role in the 
properties or the composition of the films produced. A platinum coated silicon 
wafer was chosen as a substrate material for some samples to provide a distinct 
x-ray peak and to aid in the analysis. Platinum was electron beam evaporated 
onto each of the substrates and was approximately 1000 A thick. A silicon wafer 
with a thermally grown oxide was used as a substrate material for other samples. 
This had the advantage that the amorphous oxide, unlike Pt, did not produce 
diffraction peaks that sometime interfered with the identification of Fe peaks. 
Amorphous substrates are also sometimes desirable to minimize lattice 
mismatch effects in the film. Lattice mismatch can lead to stress in films 
deposited on crystalline substrates. 
2.7 Thin Film Characterization Techniques 
Film thickness and deposition rate were obtained by profilometry, atomic 
force microscopy (AFM) and scanning electron microscopy (SEM). X-ray diffraction 
was employed to investigate the structure of the deposited thin films. Nitrogen 
content was measured by x-ray photoelectron spectroscopy (XPS). The total 
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magnetic moment per unit volume, coercivity and saturation magnetization were 
measured by VSM. 
2.7.1 Vibrating Sample Magnetometry 
Vibrating sample magnetometry (VSM) was used to measure the magnetic 
properties of thin magnetic films. A sample is placed in a large static magnetic 
field. This magnetic field is much larger than the field due to the magnetization of 
the thin film sample. The sample must be vibrated in the static field in order to 
measure its magnetization. The moving field produces a current in nearby pickup 
coils. The sample is vibrated at a frequency of 70 Hz in order to minimize noise 
from 60 Hz sources. Measurements are limited to those at 70 Hz by a lock-in 
amplifier. Figure 5 shows the sample as it is fixed on the end of a vibrating rod and 
is within an applied quasi-static field. 
Analysis of the induced voltage in the coil gives the magnetic moment of the 
sample as a function of the applied field. This is the familiar hysteresis loop for 
magnetic materials. The hysteretic relationship is shown in figure 6. The 
coercivity He of the material is located where the curve intersects the x-axis. A soft 
magnetic material requires a low coercive field. The magnetic material becomes 
saturated at high applied fields. The y intercept indicates the remnant 
magnetization of the material. This magnetization remains after the applied field is 
removed. 24 
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I Sample Vibrates in Z direction 
Direction of Applied 
Field in X direction 
Figure 5: Schematic depicting VSM setup. 
M 
Ms. /!l7) ·'/··· '· -..,__~
.Slope ; µ i 
Figure 6: Magnetization hysteresis. He is the coercive field and Mr is 
the remnant magnetization. 24 
2. 7 .2 X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS or ESCA) was used to measure the 
atomic concentration of nitrogen incorporated into the iron nitride films as well as 
the concentration of oxygen and carbon impurities. When a sample is irradiated 
with x-rays, photoelectrons are emitted. Photoelectron can be generated from 
valence or inner electron levels depending upon the energy of the absorbed x-rays. 
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The emitted photoelectrons are focused by an electromagnetic lens system 
and are collected by an energy analyzer. The energy analyzer is swept over an 
energy range and counts the number of photoelectrons at each energy. This 
energy is the electron binding energy given by the Einstein relationship (eqn 1).25 
Equation 1. 
Where E8 binding energy 
hu x-ray energy 
Ek photoelectron kinetic energy 
<!> work function 
The binding energies of the photoelectrons are characteristic of the energy state 
from which they were emitted. This allows for elemental characterization of the 
sample surface. 
The emission of a photoelectron can be accompanied by the emission of 
an Auger electron due to an electron from a higher energy state replacing the 
electron that was liberated by the x-ray interaction from a lower energy state. Auger 
electrons are also characteristic of the energy state within the elements from 
which they are produced and show up as weak broad peaks at high binding 
energies in the XPS spectra. 
XPS and Auger Electron spectroscopy (AES) are both used to do elemental 
surface analysis. XPS is particularly useful in characterizing the bonding 
environment within a sample. XPS however has a relatively large spot size (20 
µm) compared with AES (0.015 µm). XPS is useful in obtaining averaged 
compositional measurements over large areas but is not useful in analyzing 
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extremely small features. The analysis depth of a typical XPS scan is limited to 
approximately the top 5 nm of surface material. Depth profiling can be done by 
combining the XPS analysis with an ion etch process. A series of ion etches and 
XPS scans can be conducted to analyze material below the 5 nm limitation of XPS 
penetration depth. 
The bonding environment of nitrogen in these films is important to 
identifying the phases of material present. Identification of bonds can be achieved 
by carefully measuring the photoelectron energy. This work will not be concerned 
with the bonding environment of nitrogen in the Fe:N films but may be a viable 
approach in subsequent work.25 
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CHAPTER 3: RESULTS AND DISCUSSION 
3.1 PLO System Calibration 
Initial attempts to deposit films for this study produced films that were 
inconsistent with each other in film thickness and also inconsistent with examples 
of Fe:N films demonstrated in the literature. An attempt was made to characterize 
the PLO system and the deposition conditions under which these films were 
produced. 
A series of measurements were made to characterize the laser and the 
plume of ejected material from the target in order to understand the deposition 
parameters used to produce quality films and in an attempt to explain the large 
difference in deposition rates that our system was showing compared to 
deposition rates identified by Yoshitake under similar deposition conditions. 19 A 
measure of the laser spot size at the surface of the target allowed us to accurately 
calculate the laser fluence per pulse. 
3.1.1 Spot Size Determination 
The laser spot size at the surface of the target determines the laser fluence 
or energy density (J/cm2) per pulse. An accurate energy density measurement is 
necessary to provide laser fluence greater than the thermal threshold of the metal. 
Spot size was measured by two methods. A series of ablation marks were made 
on a silicon wafer. The marks were observed under an optical microscope and 
the spot size was determined. The spot size determined by this measurement 
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was 0.0173 cm2. This value was questioned after some unexpected growth rate 
results and some experiments that failed to produce any measurable thickness of 
film. 
Two other sets of measurements were made in order to obtain a realistic 
spot size value. The first of which was to make a set of spot size measurements 
along the laser path in an attempt to extrapolate the laser spot size at the target 
surface. The focal lens is located at a distance of 100 cm from the target. 
Thermal paper was placed at 100 cm through 40 cm at 10 cm increments. The 
laser was pulsed once at each position. The spot diameter on each piece of 
thermal paper was measured and the area calculated. The spot size at the target 
surface was extrapolated from this data and was determined to be approximately 
2 0.09 cm. 
The final measurement was similar to the original measurement made on 
the silicon wafer. The iron target that is used as the target material for the 
production of Fe:N films was polished so that an ablated area could easily be 
measured under magnification. A series of ablation marks were made and 
observed under an optical microscope. The spot size determined by this 
measurement was approximately 0.04 cm2 . This is the value that was used in 
determining the energy density of the laser because it was the spot size taken 
from the iron target itself and would eliminate any variability due to differences in 
laser-target material interaction. 
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3.1.2 Plume Orientation 
Plume orientation could also have been a factor in the relatively low growth 
rates obtained in this study. The PLO reaction chamber is constructed such that 
the laser strikes the target surface at 45° while the target and substrate are parallel 
at a distance of 7 cm. One would expect the plume to be oriented normal to a 
planar target surface because the direction of the absorbed photons plays no role 
in determining the direction of the ejected material. 
Previous studies on plume orientation however suggest that the direction of 
the advancing plume can be altered by target surface conditions and by plume 
laser interactions. Plume tilting has been observed to occur in the direction of the 
laser path. The condition of the target surface also plays a role in altering the 
plume advancement from the surface normal. Studies have shown that angled 
craters, pseudo-craters, and columnar structures may also be causing plume-
tilting.22 
Detailed studies of target surface structures and laser-plume interaction are 
not necessary to qualitatively investigate the plume orientation effects occurring in 
our system and causing film growth rates to be low. One experiment was 
performed to examine the extent of plume tilting. A three inch square glass slide 
was placed at the substrate position and the center position was noted. An iron 
target was ablated for one hour at room temperature with no background gas 
present. A qualitative examination of the plume and film showed that the plume 
traveled approximately along a path normal to the target surface. Photoresist was 
applied in two parallel stripes and the film was etched to measure the thickness 
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variation of the film. Profilometry measurements indicate a 40% change in 
thickness from the center of the slide to the perimeter. The thickness 
measurements in either direction from the center are similar, approximately 700-
900 A, indicating minimal plume tilting effects. 
3.1.3 Angular Distribution 
Plume angular distribution was also investigated in the attempt to 
understand low growth rates in our system. A system that has a planar substrate 
oriented parallel to the target surface (figure 7) has a plume angular distribution of 
the form, f(S) = cosPe. The film thickness profile is of the form, 0(8)= cosP+3e. 22 
TARGET 
'4 SUBSTRA. TE 
Figure 7: Schematic representation of a planar substrate 
parallel to a target surface. 22 
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The film produced on the 3 inch square glass slide that was produced to 
indicate plume orientation was also useful in determining the angular distribution 
of the plume produced by the ablation of the iron target. A qualitative look at the 
film indicates that the film thickness does not vary to a large extent and thus the 
angular distribution is small. 
Figure 8 shows the thickness distribution of the film on the 3 inch square 
glass slide as a function of the angle 8. The distance between the center point of 
the film and the outer most etched stripe was measured and determined to be 
10.5 cm. By measuring this value and the target-substrate separation, 7cm, a 
value for theta (37°) was obtained. This change in thickness was approximately 
0(8)=41%. P has a value of 10 and p+3=13.22 
-+-Fe Film 
---*-P=26 
-P=4 
-40 -30 -20 -10 0 10 20 30 40 
Angle <8> 
Figure 8: Thickness distribution of films deposited by our PLO system. 
This plot shows that the angular distribution that is seen from the 
experimental results lies somewhere between a beam like pattern, P=26, and a 
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flat continuous pattern, P=4. A value of P=10 indicates that the plume is fairly 
divergent and not beam like. Angular distribution and experimental error cannot 
explain the differences in deposition rate between this study and that of 
Yoshitake.19 
3.2 Sample Descriptions 
The first series of samples was deposited on platinum coated 100 silicon 
substrate material. This series consisted of five samples. The deposition 
conditions were chosen to represent what, at the time, was thought to be the upper 
and lower limits of both background pressure and temperature. The intent was to 
identify the effects that these two deposition conditions would have on the Fe:N 
thin film characteristics. Table 4 identifies the films that were produced in this 
series and the deposition conditions for each. 
Table 4: Series 1 deposition conditions 
Sample Temperature Pressure Laser Laser Energy Deposition 
ID (oC) (mTorr) Pulse Rate (mJ) Time 
(Hz) (hr) 
Ku9bFe 24 10 10 168 1 
Ku9cFe 400 10 10 167 1 
Ku10aFe 24 1 10 187 1 
Ku10bFe 400 1 10 186 1 
Ku10cFe 24 0 10 192 1 
The film thickness of this series was investigated by profilometry. Four 
measurements were made at each edge of the thin film for each sample to obtain 
an average thickness value for the sample. Figure 9 is a diagram of the 
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approximate positions on the samples where the thickness measurements were 
made. The numbered arrows indicate each of the four measurements. 
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Figure 9: Edge thickness measurement of PLO Fe:N Samples. 
The thickness measurements made for this series are listed in Table A1 in 
appendix A. Each film was divided into four smaller samples (quadrants A, B, C 
and D}, from which samples of appropriate size would be cut for use in XPS and 
VSM measurements. It was decided that the film thickness for each sample would 
be calculated by averaging the two thickness measurements from the sides 
forming two edges of each quadrant to give a more accurate measurement of 
samples thickness. For example, the film thickness assigned to quadrant A in 
figure 9 would be the average value of measurements 1 and 4. This value was 
used in determining the volume of the film for use in calculating the saturation 
magnetization (M5 ) or total magnetic moment per unit volume (µJV) of the film 
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(emu/cm\ A 7x7mm square was cut from one quadrant for use in the VSM 
measurement. The area of the film was determined by visually measuring the cut 
sample under low magnification. 
VSM measurements were made on the three room temperature (24°C) 
samples in this series. Each plot of the magnetic moment vs. applied field 
measurements can be found in appendix B. Table 5 and 6 summarize the results 
of the VSM measurements as well as a comparison of these measured values 
compared with an accepted moment value for Fe, 1714 emu/cm3. 
Table 5: Series 1 VSM results. 
Sample ID Coercivity ( Oe) Mtotal (emu) Ms (emu/cm~) 
Ku9bFe (1 Om Torr N2) 82 0.010 2020 
Ku1 OaFe (1 mTorr N2) 7.5 0.012 2330 
Ku1 OcFe (No N2) 6.5 0.009 1580 
Table 6: Series 1 Ms comparison. 
Sample ID % Change from Pure Fe 
Ku9bFe (1 Om Torr N2) 18% Increase 
Ku1 OaFe (1 mTorr N2) 35% Increase 
Ku1 OcFe (No N2) 8% Decrease 
Figure 10 is a plot of the total moment per volume calculations made for this 
series of films. This can be directly compared to a plot given in the Yoshitake 
article (figure 11). Although both figures seem similar in that both show a 
maximum in total magnetization around 1 mTorr N2 it was found that experimental 
error in film volume determination for this sample series (discussed later) make 
this comparison invalid. As will be shown, when experimental error is considered, 
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the total magnetization as a function of N2 pressure might effectively be a constant 
over the range measured. 
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Figure 10: Series 1 data plotting Ms versus N pressure. 
Figure 11: Moment Ms data as presented by Yoshitake. 
The hysteresis loop for the 0 mTorr N2 and 1 mTorr N2 samples are similar 
in shape (appendix B). These plots show relatively sharp transitions to the 
saturated state. The magnetic properties of these films are similar up to 1 mTorr 
N2. The plot for the sample deposited at 10 mTorr is drastically different. The 
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transition to the saturated state is broad and the field required to reach saturation 
is much larger. This is indicative of a much more stressed film. 
Sample Ku10cFe was deposited at room temperature with no nitrogen gas 
added to the chamber during the deposition process. This film should have been 
an iron thin film and the moment value should have been close to the accepted 
moment for iron. Our measurement showed a lower moment for this film than 
would have been expected. This raised some doubt as to the validity of the 
moment values that we had assigned to the nitride samples and the extent that the 
magnetic moment was enhanced over pure iron. 
X-ray diffraction patterns were produced for the three room temperature 
films from the first series along with a platinum silicon reference sample. A scan 
of each can be found in appendix C. Figure 12 is a condensed view of the scans 
from these four samples. The scan at the bottom is the platinum coated silicon 
wafer used as a reference. The iron sample, Ku10cFe, deposited in the absence 
of background gas shows a peak at 44.85° 28 which corresponds to the Fe (110) 
peak. The sample deposited in the presence of 1 mTorr nitrogen, Ku1 OaFe, 
shows a significant increase in signal from the Fe (110) peak as well as some 
small peaks at lower angles. These peaks are not identified. Also it is significant 
that the platinum peak did not show up in this scan. An explanation is not given. 
The sample deposited in the presence of 10 mTorr nitrogen, Ku9bFe, no longer 
shows the Fe (110) peak and the Pt (111) is again present. 
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Figure 12: Series 1 x-ray diffraction patterns. 
The XPS data obtained for these first three samples showed that we were 
indeed incorporating nitrogen into these films. The atomic percentages of 
nitrogen, carbon, and oxygen were measured for each film. Table 7 summarizes 
the results from this analysis. These samples were etched as part of the XPS 
measurement process to remove surface oxidation and contaminates. The levels 
of carbon seemed to be significant even after ion etching but it was accepted that 
these values were within the background noise associated with the carbon 
measurement. Plots of the XPS data for these samples are given in appendix D. 
The next series of films consisted of four samples that were again 
deposited on platinum coated silicon. This series attempted to further identify the 
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nitrogen background pressure that results in a film with the highest moment. 
Table 8 identifies the films that were produced in this series and the deposition 
conditions for each. 
Table 7: Series 1 XPS results. 
Sample ID N2 (at.%) 02 (at. %) C (at. %) 
Ku9bFe (1 Om Torr N2) 7.76 1.65 2.23 
Ku1 OaFe (1 mTorr N2) 0.89 1.81 2.16 
Ku1 OcFe (No N2) 0.00 2.22 3.72 
Table 8: Series 2 deposition conditions. 
Sample Temperature Pressure Laser Laser Energy Deposition 
ID (oC) (mTorr) Pulse Rate (mJ) Time 
(Hz) (hr) 
Ku15dFe 24 0.1 10 200 1 
Ku15bFe 24 0.5 10 200 1 
Ku15cFe 24 2.0 10 200 1 
Ku15eFe 24 5.0 10 200 1 
The average of the four profilometry measurements for each of the four films is 
shown below in table 9. 
Table 9: Series 2 average thickness. 
Sample ID Average Thickness (A) 
Ku15dFe (0.1 mTorr N2) 1780 
Ku15bFe (0.5 mTorr N2) 1300 
Ku15cFe (2.0 mTorr N2) 1630 
Ku15eFe (5.0 mTorr N2) 1660 
These samples showed large variations in thickness not only amongst the 
films but also between the measurements of each film and brought in to question 
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our ability to measure the thickness with the profilometry equipment and method 
we were employing. Perhaps these inconsistencies could be explained by edge 
or masking effects at the edges of the deposited films. It was decided that a more 
accurate average film thickness could be obtained if a plateau was etched in the 
center of each of the VSM samples after the magnetic moment measurements 
were made. 
The etch procedure was as follows. A layer of HMDS adhesion promoter 
was applied to of each of the 7x7mm VSM samples. A dot of positive photoresist 
was applied to the center of each sample. The diameter of this dot varied by 
sample but was on the order of 2 mm. The samples were then cured in a box 
oven at 90°C for 30 minutes. The samples were set aside to completely dry in a 
dry box for an hour. The samples were then etched in a 10 vol% HCI solution. The 
etch time varied for each sample. Etch rate for these samples is a function of film 
stress. High stress films, higher nitrogen content, etched faster than those with 
low stress. Etch times varied between 30 seconds and 10 minutes. The etch 
process could be monitored by observing slight color changes between the films 
and the substrate material and also by the presence of bubbles on the sample 
surface. The photoresist was then removed with acetone. 
Dots were first made on the three VSM samples from the first series on 
platinum. Table 10 identifies these samples and their corresponding average 
edge and dot thickness measurements. The large variation shown in these 
measurements is inconsistent with what would be expected from the data taken 
from the study of thickness distribution in this deposition system. That data 
38 
indicates that the maximum thickness change over the length of these samples 
should be on the order of 9.5%. Three of the four measurements were outside 
this maximum. 
Table 10: Series 2 thickness measurement comparison. 
Sample ID Edge Thickness Dot Thickness % Difference 
(A) (A) 
Ku9bFe 1050 1400 25.2 
Ku10aFe 1330 1240 6.8 
Ku10cFe 1010 1570 35.4 
Ku9bFe (1050) 1980 47.0 
(2nd Meas. Attempt) 
It was also curious that the dot measurement changed drastically for sample 
Ku9bFe when the measurement was made a second time. It was concluded that 
the profilometry equipment would not be able to provide adequately accurate and 
reliable data for film thickness determination. It also brought into question the 
calculated results of total magnetic moment for the first series. Thus, as 
mentioned previously, the enhanced M5 observed in this first series of samples, 
could not be validated. 
The accuracy of the saturation magnetization per unit volume calculation is 
highly dependent upon the ability to accurately measure the volume of the film. 
Film thickness had proven to be the most difficult factor to measure in 
determination of the film volume. The use of profilometry in this case led to large 
uncertainty in the total moment values assigned to these films. Figure 13 is again 
a plot of total magnetic moments as a function of background N2 pressure. The 
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error bars (derived from the standard deviation of all thickness measurements) 
shown in this figure indicate the total error due to thickness, area, and raw 
moment measurements. The largest source of error is the measurement of film 
thickness. 
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Figure 13: Error associated with Ms calculations. 
X-ray diffraction patterns were produced from this second series of room 
temperature samples on platinum. A scan of each can be found in appendix C. 
Figure 14 is a condensed view of the scans from these three samples. The peak 
at 44.85° 28 which corresponds to the Fe (110) peak is identified. Each of these 
samples showed either a severe reduction in intensity of the signal from the single 
crystal silicon substrate or the peak was gone completely. It was later confirmed 
that the sample holder was slightly warped within the sample plane which caused 
the sample to be off-axis by presumably about a degree. The fact that the sample 
holder may have been slightly warped would not greatly affect the peaks that 
resulted from either the polycrystalline platinum or iron. As the background N2 
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pressure was increased from 0.1 mTorr to 2mTorr, the Fe(110) peak shifted to the 
left and split into two distinct peaks (discussed later). 
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Figure 14: Series 2 x-ray diffraction patterns. 
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VSM measurements were made on the four samples in this series. Each 
plot of the moment vs . applied field can be found in appendix B. Table 11 and 12 
summarize the results of the VSM measurements as well as a comparison of 
these measured values with an accepted Ms value for Fe, 1714 emu/cm3 
Table 11: Series 2 VSM results. 
Sample ID Mtotal (emu) Ms (emu/cm") 
Ku15dFe (0.1 mTorr N2) 0.0140 1620 
Ku15bFe (0.5 mTorr N2) 0.0170 1530 
Ku15cFe (2.0 mTorr N2) 0.0140 1800 
Ku15eFe (5.0 mTorr N2) 0.0140 1700 
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Table 12: Series 2 Ms comparison . 
Sample ID % Change from Pure Fe 
Ku15dFe (0.1 mTorr N2) 5.6% Decrease 
Ku15bFe (0.5 mTorr N2) 10.8% Decrease 
Ku15cFe (2.0 mTorr N2) 4.5% Increase 
Ku15eFe (5.0 mTorr N2) 0.5% Decrease 
Figure 10 showed the dependence of magnetic moment on nitrogen 
pressure and is reproduced again to show how the samples from the second 
series compare with the first series. Thickness measurements were redone with 
AFM and SEM on the first series and the adjustments to the total magnetic 
moment and error bars are made here. These moment values are available in 
appendix A. 
.. 'E' 2000 
~ - - - ....i.~ - - - - - - - - - - - - - - -
~ 1mo+-~-+-~~~~~~C+J~_....,..._r+-+--+--t-~-----t 
II) ''.I. ' ~ 
__ j)_t:- -----
._.. 
Ill 
~ 1000+-~~~~~~~~~~~-i-~~-t-~-----t 
O+-~~..----~~..,..-~~..,..-~~..----~~..,..-~-----t 
1.E-07 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 
Nitrogen pressi.re (Torr) 
Figure 15: Error associated with Ms calculations. 
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The remaining three series of films were deposited on thermally oxidized 
(100) silicon wafers without the platinum layer that was present in the previous 
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series. Platinum was chosen originally because of its small randomly oriented 
grain structure that would allow us to avoid any texturing of the deposited film. It 
became clear that this was a complication in the x-ray and thickness 
measurements that did not necessarily need to be present. In addition pt could 
also present a problem by interacting with the film or substrate in higher 
temperature depositions. We chose to deposit the remaining films on thermal 
oxide because an amorphous thermal oxide should guarantee against texturing 
affects and would presumably reduce any film stress that may arise from lattice 
mismatch of the film to a crystalline substrate. Deposition on oxide would allow us 
to align this work with the work done by Yoshitake and help to directly compare 
results. Enhanced magnetic moments of films on oxide would also show that film 
deposition on platinum is not required to obtain these enhancements. 
The next two series of films were deposited on oxide. One series was 
produced at an elevated temperature (400°C) and the other at room temperature. 
Table 11 identifies the films that were produced in these two series and the 
deposition conditions for each. 
It was decided to measure the thickness of the remaining film with atomic 
force microscopy (AFM) in attempt to reduce the large errors that had been seen in 
the measurements made by both profilometry and SEM imaging. A center plateau 
was etched of each film as previously described. Several measurements were 
made around the perimeter of each film. The average of each of those 
measurements is listed in the following table. 
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Table 11: Series 3 and 4 deposition conditions. 
Sample Temperature Pressure Laser Laser Deposition 
ID (oC) (mTorr) Pulse Rate Energy Time 
(Hz) (mJ) (hr) 
Ku14cFe 400 0 10 200 1 
Ku14aFe 400 1 10 200 1 
Ku14bFe 400 10 10 200 1 
Ku15aFe 400 100 10 200 1 
Ku16dFe 24 0.1 10 200 1 
Ku16bFe 24 1 10 200 1 
Ku16cFe 24 2 10 200 1 
Ku16aFe 24 10 10 200 1 
Table 12: AFM average thickness and uncertainty. 
Sample ID Average Thickness (A) 
Ku14cFe (0.0 mTorr N2 , 400°C) 1630 ± 3.3% 
Ku14aFe (1.0 mTorr N2 , 400°C) -
Ku14bFe (10.0 mTorr N2 , 400°C) 1790 ± 3.4% 
Ku15aFe (100.0 mTorr N2 , 400°C) 1260 ± 3.8% 
Ku16dFe (0.1 mTorr N2 , 24°C) 1140 ± 6.5% 
Ku16bFe (1.0 mTorr N2 , 24°C) 1910±5.2% 
Ku16cFe (2.0 mTorr N2 , 24°C) 1650 ± 6.0% 
Ku16aFe (10.0 mTorr N2 , 24°C) 1910±3.7% 
VSM measurements were made on the four samples in each series. Each 
plot of the moment vs applied field measurements can be found in appendix A 
Table 13 and 14 summarize the results of the VSM measurements as well as a 
comparison of these measured values with an accepted moment value for Fe, 
1714 emu/cm3. 
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Table 13: Series 3 and 4 VSM results. 
Sample ID M1ota1 (emu) Ms (emu/cm~) 
Ku14cFe (0.0 mTorr N2 , 400°C) 0.0160 1970 
Ku14aFe (1 .0 mTorr N2 , 400°C) 0.0150 -
Ku14bFe (10.0 mTorr N2 , 400°C) 0.0170 1860 
Ku15aFe (100.0 mTorr N2 , 400°C) 0.0170 250 
Ku16dFe (0.1 mTorr N2, 24°C) 0.0520 1750 
Ku16bFe (1.0 mTorr N2 , 24°C) 0.0160 1760 
Ku16cFe (2.0 mTorr N2 , 24°C) 0.0150 1820 
Ku16aFe (10.0 mTorr N2 , 24°C) 0.0150 1520 
Table 14: Series 3 and 4 Ms comparison. 
Sample ID % Change from Pure Fe 
Ku14cFe (0.0 mTorr N2 , 400°C) 14.5% Increase 
Ku14aFe (1.0 mTorr N2 , 400°C) -
Ku14bFe (10.0 mTorr N2 , 400°C) 8.7% Increase 
Ku15aFe (100.0 mTorr N2 , 400°C) 85.5% Decrease 
Ku16dFe (0.1 mTorr N2 , 24°C) 1.9% Increase 
Ku16bFe (1.0 mTorr N2 , 24°C) 2.4% Increase 
Ku16cFe (2.0 mTorr N2 , 24°C) 6.1% Increase 
Ku16aFe (10.0mTorr N2 , 24°C) 11 .6% Decrease 
The following figure incorporates the magnet moment values for these two 
series of films on oxide into the plot of the previous two series. A representation of 
the curve presented by Yoshitake is also inlayed on this data set for comparison. 
At first glance there does seem to be some moment enhancement in these Fe:N 
films when compared with pure iron. However, these values are within AFM 
determined volume error and there is no variation of Ms with nitrogen pressure. 
The largest moment shown by Yoshitake was at a nitrogen background pressure 
of approximately 30 mTorr. The final series consisting of three films was 
produced at that pressure. 
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Figure 16: M5 Values for Series 1-4 compared with Yoshitake results. 
The x-ray diffraction patterns for the 25°C series on oxide are shown in 
figure 17. Two distinct peaks are observed as nitrogen background pressure and 
thus nitrogen incorporation into the films is increased. The Fe (110) peak position 
remains at a constant position while the second peak shifts to lower angles as 
nitrogen is increased. This indicates a tetragonal distortion of the lattice that 
becomes more severe with increased nitrogen incorporation. The split and shift of 
the Fe(110) peak is similar behavior to the shift in peak position with increasing 
nitrogen flow rate observed by other researchers.8 The diffraction peaks from the 
a"-Fe16N2 phase were observed only after annealing which suggests that further 
thermal processing may be needed to produce this ordered phase. The shifting 
peak position with increased nitrogen incorporation also fits well with a series of 
sub-stoichiometric iron nitride materials that can be found in the JCPDS diffraction 
data files. 
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Figure 17: Series 4 x-ray diffraction patterns. 
As previously mentioned, the last three samples were deposited at 30 
mTorr N2 background pressure on thermally oxidized silicon wafers. The a"-Fe16N2 
phase contains -11 atomic % nitrogen. The highest M5 value reported by 
Yoshitake was at 30mTorr. Table 15 identifies these three films and the 
deposition conditions for each. Deposition temperature was measured by a 
thermocouple in the heater block. 
Table 15: Series 5 deposition conditions. 
Sample ID Temperature Pressure Laser Laser Deposition 
(oC) (mTorr) Pulse Rate Energy Time 
(Hz) (mJ) (hr) 
Ku21aFe 25 30 10 200 1 
Ku22aFe 275 30 10 200 1 
Ku23aFe 400 30 10 200 1 
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The XPS results showed as expected a nitrogen incorporation of 
approximately 11 at. % in the room temperature sample. The nitrogen 
concentration was somewhat reduced in the sample deposited at higher 
temperatures. This is most probably due to thermalized nitrogen desorbing off the 
surface of the film as it is being deposited resulting in less nitrogen incorporation. 
Table 16 shows the XPS values obtained for two of the three 30 mTorr samples. 
Table 16: Series 5 XPS results. 
Sample ID N2 (at.%) 0 2 (at. %) i C (at. %) 
Ku21aFe 11.53 2.89 0.00 
Ku22aFe 9.86 2.30 0.00 
The moment measurements however did not show giant enhanced moments that 
are claimed to be characteristic of a"-Fe16N2 phase material. Thicknesses were 
once again measured by AFM and the values are presented in table 17. The 
moment values for these three films are extremely reduced compared to the 
moment of pure iron. The room temperature sample had the lowest moment of 
any of the samples produced in this work. 
Table 17: Series 5 thickness values. 
Sample ID Average Thickness (A) 
Ku21aFe (30.0 mTorr N2, 25°C) 1380 ± 5.0% 
Ku22aFe (30.0 mTorr N2, 275°C) 1140 ± 9.0% 
Ku23aFe (30.0 mTorr N2, 400°C) 1610±6.0% 
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Table 18: Series 5 VSM results. 
Sample ID Mtotal (emu) Ms (emu/cm..>) 
Ku21aFe (30.0 mTorr N2 , 25°C) 0.0020 260 
Ku22aFe (30.0 mTorr N2 , 275°C) 0.0050 870 
Ku23aFe (30.0 mTorr N2 , 400°C) 0.0070 900 
Table 19: Series 5 Ms comparison. 
Sample ID % Change from Pure Fe 
Ku21aFe (30.0 mTorr N2 , 25°C) 85% Decrease 
Ku22aFe (30.0 mTorr N2 , 275°C) 49% Decrease 
Ku23aFe (30.0 mTorr N2 , 400°C) 47% Decrease 
The x-ray diffraction patterns for the 30 mTorr samples and the samples 
from the previous series are shown in figures 18 and 19. Again two peaks are 
visible and the left peak is shifted by approximately 2° from the Fe (110) peak 
position. The sharp peak seen in the room temperature sample is at 43.12° 28. 
This corresponds with the (111) peak position of Fe3N indicating that this film may 
be a mixture of iron with some nitrogen incorporation and a second phase of Fe3N. 
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Figure 18: Series 5 x-ray diffraction patterns. 
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Figure 19: Series 5 x-ray diffraction patterns. 
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CHAPTER 4: CONCLUSIONS 
This study has shown that nitrogen can be reactively incorporated into iron 
by a pulsed laser deposition process. We have shown the relationships between 
the background nitrogen gas pressure and the amount of nitrogen that is 
incorporated into the deposited thin films. Nitrogen incorporation was shown by 
XPS measurements to range from 0.00 at. % at 0 mTorr N2 to greater than 11 at. % 
at 30 mTorr N2. 
This nitrogen incorporation led to a split and shift in the Fe (110) peak in the 
x-ray diffraction patterns produced. Peaks that correspond to Fe (110) and 
possibly the (111) peak of Fe3N (high N2 pressures) were observed. The phase of 
most interest, a"-Fe16N2, is not specifically identified in this work although the (110) 
peak shift may in fact be due to the tetragonally distorted a' or a"-Fe16N2 phase. 
There was little to no enhanced saturation magnetization per volume, M5 , 
positively identified in this work. The difficulty lay in measuring the film volume 
accurately and more specifically in measuring the film thickness. The thickness 
distribution due to deposition conditions was investigated and found to be only a 
fraction of the error associated with the thickness measurement itself. Identifying 
an appropriate thickness measurement technique will be important to narrowing 
the error associated with this step. 
It is possible that the films produced by PLO at low temperatures (25 and 
250°C) in this work consisted, at least in part, of the unordered a'-Fe:N phase. 
The enhanced magnetic moment is expected to arise from the ordered a"-Fe16N2 
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phase and not from the unordered a'-Fe:N phase. The samples would have to be 
annealed to order the nitrogen atoms and achieve high Ms values. Yoshitake 
indicates that the highest temperature for the metastable a"-Fe16N2 phase is 
around 250°C. Ordering of these films by annealing should be done near this 
temperature. Annealing at higher temperatures would most likely de-stabilize this 
phase and would result in a film composed of a-Fe and Fe4N. No enhanced 
moment would be expected in these. Several samples in this work were 
deposited at 400°C which is very likely to be too high of a temperature to obtain 
ordered a"-Fe16N2. 
Specific Conclusions: 
• The ability to measure thickness accurately was an extremely limiting factor to 
this work. The error introduced by the area and moment measurements were 
small compared to the error associated with the measurement of thickness. 
The total error associated with the Ms values reported in the early work ranged 
from 25 - 50%. This was improved in subsequent experiments with the use of 
AFM to a value closer to 10%. 
• The claim of enhanced moments cannot be made with the magnitude of errors 
associated with this work. In order to verify that there is indeed an 
enhancement in moment with the addition of nitrogen the error associated with 
the thickness measurement needs to be reduced. Perhaps more accurate 
thickness measurements with the AFM or possibly TEM could be done. 
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• The XPS results from this work show that there is nitrogen incorporation that 
takes place during reactive pulsed laser deposition of these films. The 
nitrogen concentration can be tuned by adjusting the nitrogen background 
pressure. This analysis in the future could also include an investigation into 
the bonding nature of the nitrogen that is incorporated in the film. 
• The x-ray diffraction patterns were the most dramatic and telling analysis done 
as part of this work. A clear shift in peak position is shown with magnitude a 
function of the nitrogen incorporation. This fits well with the many tetragonally 
distorted phases of Fe:N. 
Future Work: 
• Again, an accurate thickness measurement strategy will be key to reduce 
errors associated with the volume calculation used to obtain Ms values. This 
may include a more effective technique for creating a step to measure the 
thickness and comparing measurement techniques such as AFM and TEM. 
• There was some evidence of droplet or particulates that were present in the 
thin films that were produced in this work. This may also have some affect on 
the thickness measurements and other properties in the films. An analysis of 
the particulates including number and size distribution should be completed. 
Perhaps deposition parameters such as laser energy density and background 
pressure could be optimized to minimize presence of particulates. This 
problem is also related to target surface features so a process of monitoring 
the target surface should be implemented. 
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• Several methods of determining the laser energy density were reported here. 
Perhaps a more accurate technique could be devised. This may allow for more 
reproducible and predictable depositions. 
• The a"-Fe16N2 phase that promises to have a high Ms value was not obtained in 
this work. This phase has a nitrogen concentration of 11 at. % which 
corresponds to -30 mTorr N2 as presented in this work. These films, however, 
have the lowest Ms values indicating that a maximum in Ms was surpassed. 
This maximum in Ms should be investigated further. 
• The effects of film stress should be considered since they will affect the 
coercivity and saturation field. Film stress is in general calculated by 
measuring substrate curvature. The issue of film thickness measurement 
complicates this curvature measurement so it should probably be resolved 
first. Stress could be minimized by altering the substrate temperature, pulse 
rate, energy or position of sample in plume. 
• The first two series produced in this work were deposited on platinum coated 
substrates. This platinum layer was removed to simplify the x-ray analysis and 
to investigate if the substrate plays a role in the film properties. The results 
showed little difference but again the errors associated with the Ms calculations 
may have hindered identification of these effects. It is likely that the film stress 
could be varied by altering the substrate material. 
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• Future films should be deposited at substrate temperatures near 250°C and 
then annealed at a similar temperature to cause ordering of the incorporated 
nitrogen into metastable ordered a"-Fe16N2 that may show high Ms values. 
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APPENDIX A: SAMPLE MEASUREMENTS 
Table A1: Thickness measurements for series 1. 
Sample Thickness 1 Thickness 2 Thickness 3 Thickness 4 
ID (A) (A) (A) (A) 
Ku9bFe 1087 1101 951 1048 
Ku9cFe 730 864 1152 1425 
Ku10a 1042 783 1273 1328 
Ku10b 1763 1463 1178 928 
Ku10c 1292 988 772 1007 
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Table A2: Sample processing conditions and measurements . 
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APPENDIX B: VSM RESULTS 
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Figure 81: VSM Scan for sample Ku9bFe (10 mTorr N2 , 25°C) 
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Figure 82: VSM Scan for sample Ku1 OaFe (1 mTorr N2, 25°C) 
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Figure 83: VSM Scan for sample Ku10cFe (0 mTorr N2 , 25°C) 
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Figure 84: VSM Scan for sample Ku15dFe (0.1 mTorr N2 , 25uC) 
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Figure 85: VSM Scan for sample Ku15bFe (0.5 mTorr N2 , 25°C) 
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Figure 86: VSM Scan for sample Ku1 ScFe (2.0 mTorr N2, 25°C) 
60 
Ui-x10~ 
1~11.r:l! 
-::I fi.(1(11'.1041 ! ...... 
!!; 0.0 q;i 
~ 
::! -Ei.tlx:1 D..t 
~ .... ' 
-1.01110-W 
, 1.Sx 10·.a: 
' 
·8000 .-0 -40(!0 -2000 0 2(11)1) 4000 6000 8000 
Applied Field (Oersted) 
Figure 87: VSM Scan for sample Ku15eFe (5.0 mTorr N2 , 25°C) 
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Figure 88: VSM Scan for sample Ku21aFe (30.0 mTorr N2, 25°C) 
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Figure 89: VSM Scan for sample Ku22aFe (30.0 mTorr N2, 275°C) 
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APPENDIX C: XRD RESULTS 
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Figure C1: XRD Scan for sample Ku9bFe (10 mTorr N2 , 25°C, Pt/Si) 
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Figure C2: XRD Scan for sample Ku1 OaFe (1.0 mTorr N2, 25°C, Pt/Si) 
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Figure C3: XRD Scan for sample Ku10cFe (0 mTorr N2 , 25°C, PUSi) 
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Figure C4: XRD Scan for sample Ku15dFe (0.1 mTorr N2 , 25°C, PUSi) 
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Figure CS: XRD Scan for sample Ku15bFe (0.5 mTorr N2, 25°C, Pt/Si) 
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Figure C6: XRD Scan for sample Ku15cFe (2.0 mTorr N2, 25°C, Pt/Si) 
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Figure C7: XRD Scan for sample Ku16aFe (10.0 mTorr N2, 25°C, Oxide) 
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Figure CS: XRD Scan for sample Ku16bFe (1.0 mTorr N2, 25°C, Oxide) 
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Figure C9: XRD Scan for sample Ku16cFe (2.0 mTorr N2 , 25°C, Oxide) 
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Figure C10: XRD Scan for sample Ku16dFe (0.1 mTorr N2, 25°C, Oxide) 
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Figure C11: XRD Scan for sample K.u21aFe (30 mTorr N2 , 25°C, Oxide) 
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Figure C12: XRD Scan for sample Ku22aFe (30 mTorr N2 , 275°C, Oxide) 
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APPENDIX D: XPS RESULTS 
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Figure 01: XPS Scan for sample Ku9bFe (10 mTorr N2 , 25°C) 
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Figure 02: XPS Scan for sample Ku10aFe (1 mTorr N2, 25°C) 
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Figure 03: XPS Scan for sample Ku10cFe (0 mTorr N2, 25°C) 
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Figure 04: XPS Scan for sample Ku21aFe (30 mTorr N2 , 25°C) 
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